The proteasome plays a central role in the degradation of regulatory and misfolded proteins. Current models suggest that substrates access the internal catalytic sites by processively threading their termini through the gated substrate channel. Here, we found that latent (closed) and activated (open) proteasomes degraded two natively disordered substrates at internal peptide bonds even when they lacked accessible termini, suggesting that these substrates themselves promoted gating of the proteasome. This endoproteolysis provides a molecular mechanism for regulated release of transcription factors from inactive precursors as well as a means of accessing internal folding defects of misfolded multidomain proteins.
The proteasome plays a central role in the degradation of regulatory and misfolded proteins. Current models suggest that substrates access the internal catalytic sites by processively threading their termini through the gated substrate channel. Here, we found that latent (closed) and activated (open) proteasomes degraded two natively disordered substrates at internal peptide bonds even when they lacked accessible termini, suggesting that these substrates themselves promoted gating of the proteasome. This endoproteolysis provides a molecular mechanism for regulated release of transcription factors from inactive precursors as well as a means of accessing internal folding defects of misfolded multidomain proteins.
The proteasome degrades the majority of cellular proteins in eukaryotes. Its activity allows for surveillance by the immune system, controls the levels of various regulatory proteins, and prevents the accumulation of misfolded mutant and damaged proteins (1) . The architecture of the proteasome occludes its active sites within the lumen of a cylinder formed by four heptameric rings (2, 3) . This arrangement prevents well-folded proteins from entering the constricted annulus, protecting them from degradation, and has led to a model by which unfolded substrates are fed from their termini into the central catalytic cavity as extended chains and are degraded processively (4, 5) . However, this model cannot account for the proteasome-dependent release of active transcription factor domains from inactive precursors by partial degradation (6 -8) . For example, the p50 subunit of nuclear factor B transcription factor is produced by proteasome-dependent cotranslational processing of p105 (6) . Because p50 constitutes the NH 2 -terminus of p105 and the COOH-terminus is presumably blocked by the ribosome, the proteasome must either wait for release of nascent p105 from the ribosome or activate another protease that catalyzes the initial endoproteolytic step, as in the proteasome-dependent activation of Esp1 protease during sister chromatid exchange (9) . Alternatively, the proteasome itself could enter ribosomally bound p105 at an internal site and initiate processing with an endoproteolytic cleavage.
To determine whether proteasome-mediated degradation is initiated from an internal site of a protein, we used two physiological substrates: the cyclin-dependent kinase (CDK) inhibitor p21 cip1 ( p21) and ␣-synuclein (␣-syn). Both proteins are "natively disordered" (10) and are efficiently degraded by the proteasome in the absence of polyubiquitin modification (11, 12) . We compared the degradation of these unstable substrates by the latent 20S proteasome (13) with that of the activated, assembled 26S particle (14) . The 26S particle, the accepted physiological form of the proteasome, is composed of the 20S core particle and the PA700 (19S) regulatory cap (14) . PA700 contains polyubiquitin (15, 16) and misfolded protein (17, 18) binding sites, isopeptidase activity (19, 20) , and adenosine triphosphatase subunits presumably involved in unfolding substrates (21) . Both the 20S and 26S proteasomes efficiently degraded p21 and ␣-syn (Fig. 1A ) (22) . In contrast, the hyperstable green fluorescent protein (GFP) (melting temperature, T m , Ͼ 65°C) (23) was not degraded by either 20S or 26S (Fig. 1B) . The disordered substrates were efficiently degraded by the latent 20S proteasome despite its inability to hydrolyze short peptide substrates (Fig. 1C) . Thus, unfolded proteins could open the "gate" that controls access to the otherwise occluded catalytic sites, thereby initiating a process similar to that employed by the proteasome regulators PA700 (24) and PA28 (25) .
When fusions between the unfolded substrates and the stable GFP were assessed, both the latent 20S and the active 26S proteasomes efficiently degraded the p21 and ␣-syn domains but not the GFP domain of each fusion protein (Fig. 2 , A and B), suggesting that additional factors were required for efficient unfolding of this stable domain. We also examined whether either the 20S or the 26S proteasome exhibited a directional preference by comparing the degradation of fusion proteins that contained GFP at either the NH 2 -or COOH-terminus (Fig. 2C) . The relative activities of the 20S and 26S proteasomes were equivalent toward the p21 fusions. For the ␣-syn fusions, the 20S proteasome degraded the substrates faster, although the 26S reaction did go to completion (inset, Fig. 2B ). Apparently, the shorter ␣-syn, when blocked with GFP, was less accessible to the longer channel of the 26S proteasome. In this regard, the 26S and 20S proteasomes exhibited similar activity toward unprotected ␣-syn ( Fig. 1A ) and circular ␣-syn whose termini were blocked by a peptide bond. For all substrates, degradation was effectively inhibited by MG132 (Fig. 2C ), a potent proteasome inhibitor. Finally, the proteasome degraded the substrates blocked at either terminus at equivalent rates (Fig. 2C) , indicating that the reported preference for COOH-to NH 2 -terminal degradation (4) is not a general feature of all substrates.
To assess the ability of the proteasome to cleave these substrates at internal sites, we protected both termini of p21 and ␣-syn by sandwiching them between nondegradable GFP domains (Fig. 3) . As assessed by immunoblotting, GFP-p21-GFP and GFP-␣-syn-GFP proteins were degraded by the 20S and 26S proteasomes, and degradation was inhibited by MG132. The rate of degradation of bilaterally protected substrates was slower than the degradation of p21 alone, ␣-syn alone (Fig. 1A) , and substrates protected at a single terminus (Fig.  2C) , indicating that the endoproteolytic cleavage was less efficient than degradation from the termini. Again, neither GFP-blocking domain was degraded to any measurable extent in the sandwich proteins, as shown by the stable fluorescence (Fig. 3) . Thus, free termini are not required for either the 26S or 20S proteasome to efficiently degrade either p21 or ␣-syn, suggesting that degradation can be initiated at an internal endoproteolytic site.
To formally test this possibility, we produced circular ␣-syn and GFP-p21 proteins that lacked NH 2 -and COOH-termini with the use of a protein splicing technique (26, 27) (Fig. 4A) . Purified ␣-syn formed two products after the cyclization process (Fig. 4B) . The predominant form, band b, was converted to band a after digestion with thrombin, indicating that band b was the circular ␣-syn. Furthermore, band b produced no signal from NH 2 -terminal amino acid sequence analysis, consistent with it being the circular variant, whereas the NH 2 -terminal sequence Cys-Arg-Gly-Asp-Val-Phe-Met for band a indicated that it is the linear ␣-syn (Fig.  4B) . Similarly, band c was circular GFP-p21 and band d was linear GFP-p21 (Fig. 4B) . The circular protein composed 80 to 95% of each preparation as determined by Coomassiestained SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Like linear ␣-syn, the cyclized ␣-syn protein showed a random coil conformation (28) . Circular ␣-syn protein migrated faster than linear ␣-syn on SDS-PAGE, as typically observed (27) . In contrast, the linear GFP-p21 protein migrated faster than the circular variant, as previously observed for variants of the maltose-binding protein (27) .
Purified 26S and 20S proteasomes effec- (14) , where Z is benzyloxycarbonyl, ␤NA is 2-napthylamine, AMC is 7-amino-4-methylcoumarin, and suc is succinyl. tively degraded both circular substrates and were inhibited by MG132 (Fig. 4C) , again leaving the GFP moiety of the p21-GFP substrate as in Figs. 2 and 3 (29) . This endoproteolysis activity cosedimented with the intact proteasome complex on glycerol gradients (Fig. 4D) , excluding the possibility that contaminating proteases or fragments of the proteasome were responsible. These results call into question several fundamental aspects of currently favored models of proteasome function and regulation. First, they demonstrate that the proteasome can catalyze endoproteolytic cleavage of polypeptide bonds (Fig. 4E) . These data differ appreciably from models in which proteasome-mediated degradation is restricted to processive hydrolysis of a polypeptide chain from a free NH 2 -or COOH-terminus (4, 5) and instead support a model in which a disordered polypeptide chain loop can enter the axial channel to permit initial endoproteolytic cleavage. In this regard, crystal structures of the active proteasome with open access gates (24, 30) could easily accommodate a ␤-hairpin structure. Studies with some disulfidetrapped substrates (31) but not others (32) (A) Circular ␣-syn and p21 substrates were synthesized and purified with the use of the IMPACT-TWIN system (New England Biolabs, Beverly, MA). Cys-Arg-Gly (CRG) and Gly-Ser-Ser-Leu-Val-Pro-Arg-Gly-Ser-Met-Arg-Met sequences were introduced at the NH 2 -and COOH-termini, respectively, of both proteins to promote cyclization and encode a thrombin site. In the circular schematic, -Cindicates the cysteine residue of CRG, which becomes the NH 2 -terminus after intein 1 processing, before cyclization. (B) ␣-syn (top) and GFP-p21 (bottom) cyclization reaction products were incubated without (-) or with (ϩ) thrombin and analyzed by Coomassie-stained SDS-PAGE. Excised bands from the (-)-thrombin lanes were also subjected to NH 2 -terminal amino acid sequencing as indicated in the table. (C) 500 nM ␣-syn or 120 nM GFP-p21 cyclization reaction products (linear plus circular) were incubated with 10 nM 20S or 26S proteasome at 37°C in buffer A (for p21) or buffer B (for ␣-syn), and the degradation time course was followed by immunoblotting. The ␣-syn antibody preferentially recognizes the linear protein in the preparation (compare to Fig. 4B ). (D) Proteasomes were subjected to 10 to 40% glycerol gradient sedimentation. Proteasome-containing fractions wereidentified by immunoblotting with antisera to the 20S ␤5 subunit (inset). Proteasomal peptidase activity (left axis) was assayed with the LLVY substrate as in Fig. 1 . Proteasomal circular-␣-syn endoproteolysis (right axis) was assayed with (OE) or without (Ⅲ) MG132 as in (C). Immunoblots were quantitated by densitometry. (E) A model for 20S proteasome action. The 20S proteasome recognizes the disordered domain of a substrate (1).
Binding gates the channel, and a substrate loop translocates into the 20S catalytic chamber (2) . Degradation initiates by endoproteolysis at an internal site followed by processive degradation of the unstable domain (3). Cleavage ceases, and the substrate is released when a stable domain that cannot enter the annulus is encountered (4).
suggest that there is space for up to three extended chains within the chamber.
Second, little difference in the rates of endoproteolytic cleavage of these disordered substrates was detected between latent 20S and active 26S proteasomes (Figs. 1 to 4 ) in which the status of the gate that controls entry to the central axial channel of the proteasome is closed and open respectively (Fig. 1C) (24, 30) . Physiological regulators of the proteasome, such as PA700 (19S cap) and PA28, increase proteasome activity in part by opening this gate, thereby increasing access of substrates to the proteasome's catalytic centers (24, 25) . The ability of closed, latent 20S proteasome to catalyze cleavage of these natively disordered, physiological substrates suggests they possess certain features that also promote "gating" of the proteasome (Fig. 4E) , features that folded proteins lack. This mechanism suggests a potential role for the free 20S proteasome found in the absence of bound regulatory proteins in many cells (33) . It is possible that these inherent signals could target substrates directly for 20S proteasomal degradation without the need for polyubiquitin modification.
